The stability of aerobic granular sludge (AGS) is closely related to its extracellular polymeric substances (EPS). In this study, the composition and physicochemical characteristics of EPS in AGS were determined to evaluate their roles in AGS stability. The study evaluated the influence of influent phosphorus concentration on EPS protein (PN), polysaccharide (PS) and orthophosphate content, zeta potential (ζ) and fluorescence spectrum (EEM) in loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS). With higher influent phosphorus concentration, the PN, PS and orthophosphate content were higher, as was the zeta potential in TB-EPS, but it had less influence on LB-EPS. Three-dimensional, synchronous fluorescence spectroscopy and fluorescence region integral (FRI) showed that protein-like substances were the primary components of LB-EPS and TB-EPS. Phosphorus had a dynamic quenching effect on EPS at a concentration between 0 mg L -1 and 17.5 mg L -1
Introduction
Aerobic granular sludge (AGS) is composed of a multispecies microbial aggregation of self-curing groups with a degree of self-balancing capacity. Compared with traditional activated sludge, AGS has better settling performance, stronger resistance to impact loading, and higher biomass.
1 AGS technology has been recognized as one of the most promising biological wastewater treatment technologies and has become a heavily studied topic in wastewater treatment research. However, it is wellknown that, after reaching a certain size, some of the AGS will rupture and be washed away, thereby affecting the wastewater treatment results. 2 The composition and content of extracellular polymeric substances (EPS) play important roles in maintaining the stability of AGS. 3 EPS is considered to secrete extracellular macromolecule active substances of floc, biofilm, granular sludge, and other microorganisms, strengthening the microbial structure and promoting cell aggregation by forming a polymer matrix. 4 EPS can be used as an energy substance for microorganisms in the aerobic starvation stage, but its inner and outer layers have different biological availabilities; the inner layer of EPS can easily be used by microorganisms, while the bioavailability of the outer layer is poor. As a consequence, microorganisms will use the inner layer of EPS as an energy substrate in the starvation stage, forming a different structure between the EPS inner and outer layers, which greatly affects maintenance of the structural stability of granular sludge. 5 Many factors, such as the matrix type and content, as well as operating conditions, among others, affect the EPS content and composition in AGS. 6 In addition, other components of the influent, such as metal ions and phosphorus, will be complexed with various functional groups in EPS, such as the carboxyl group, phosphoric acid, the thiol group, and the phenol and hydroxyl groups, thereby affecting the production of EPS. 7 For example, the presence of cations such as Zn 2+ , Mn 2+ , or Mo 6+ will change the EPS content and composition significantly; 8 the combination of divalent cations with EPS can maintain the microbial aggregate structure. 9 Phosphorus is an essential nutrient needed for the growth and metabolism of microorganisms. thesis of nucleic acids and high-energy compounds adenosine-triphosphate and glucose metabolism in microorganisms. However, many studies on the effect of influent phosphorus concentration on EPS content and composition have mainly focused on the lack of phosphorus content. A phosphorus deficiency may lead to insufficient phosphorus for microbial organisms to synthesize cells, thereby causing metabolic abnormalities that affect microorganism growth; as a result, the proportion of larger granular sludge in the system decreases, influencing AGS stability. A phosphorus deficiency can also induce excessive production of filamentous bacteria, which results in deteriorated sludge settling and bulking of activated sludge, 11 changing the content and composition of EPS. 12 EPS contains a large amount of phosphorus, acting as phosphorus storage or a phosphorus transfer station in the processes of phosphorus release and phosphorus absorption; 13 EPS also participates in the process of biological phosphorus accumulation.
14 Insoluble phosphorus can increase the polysaccharide (PS) content in the EPS of sludge by providing a carrier and inorganic crystal nucleus for microorganisms, which is beneficial to granular sludge formation. 15 EPS containing a large amount of negatively charged phosphorus may affect the electrical charge characteristics of EPS. The use of phosphorus recovery technology and different sources of phosphorus will result in differences in wastewater phosphate content. 16, 17 Based on the superiority of AGS, it has been used to treat a variety of wastewater types. However, the effect of influent phosphorus content on the content and composition of sludge EPS and its influence on the properties of EPS in AGS have been rarely mentioned.
EPS can be categorized into loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) according to different distribution positions. 18 TB-EPS is located on the cell body surface and is closely integrated with the cell wall. LB-EPS is distributed outside the TB-EPS, and has loose structure and low density. LB-EPS and TB-EPS have different contents and components, which have different effects on the formation of biological aggregates and the surface properties of granular sludge. 19 The goal of this study was to evaluate the effect of influent phosphorus concentration on the content, composition, and characteristics of LB-EPS and TB-EPS in long-term AGS by determining the orthophosphate, PS and protein (PN) content, by performing fluorescence spectroscopy, fluorescence region integral (FRI) analysis, and the zeta potential (ζ), in order to provide more detailed information for a stable operation strategy for AGS in different phosphate wastewater treatment processes.
Materials and methods

Reactor setup and operation
In this experiment, AGS was cultivated in two identical laboratory-scale sequencing batch reactors (SBR) made of organic glass, each with effective working volumes of 4.20 L. The SBRs were designated as R1 and R2. The SBRs had an internal diameter of 9 cm and height of 85 cm, with the upper part filled with water and the middle part drained, and a volume exchange rate of 50 % in every cycle. Fig. 1 .
Artificial wastewater was used in this experiment; the compositions of the influent wastewater and the effluent quality are shown in Table 1 . Glucose and sodium acetate (2:1) were the carbon sources, ammonium chloride was the nitrogen source, and considering that the phosphate in the sewage was mainly in the form of orthophosphate, phosphorus (total phosphorus) was replaced with F i g . 1 -AGS particle size distribution in R1 and R2 orthophosphate; 20 potassium dihydrogen phosphate was the source of phosphorus, and an additional 0.5 mg L -1 of trace element was added. 21 The pH of the wastewater was stabilized at approximately 7.5 by adding NaHCO 3 .
Extraction of LB-EPS and TB-EPS
The sludge mixed liquor samples were collected 5 minutes before the end of aeration. A heat-extraction method was used for TB-EPS extraction and centrifugation was used for LB-EPS. The specific extraction procedures for LB-EPS and TB-EPS can be found in the literature. 21 Analysis of three-dimensional fluorescence spectra, synchronous fluorescence spectroscopy, and fluorescence region integration
The three-dimensional fluorescence spectra (3D-EEM) of the LB-EPS and TB-EPS solutions were identified using a fluorescence spectrophotometer (F-4600, Hitachi, Japan). The range of excitation (EX) wavelength was 220-450 nm increased incrementally by 5 nm, and the scanning emission (EM) spectra from 220 nm to 550 nm were measured in 1 nm increments. The EX and EM slits were maintained at 5 nm, and the scanning speed was 1200 nm min -1 . The voltage of the photomultiplier tube was maintained at 400 V.
Synchronous scanning fluorescence spectrometry was used to measure the sample with a step value of Δλ = 60 nm. The range of EX and EM wavelengths were 250-550 nm at 5 nm increments, the scanning speed was adjusted to 240 nm min -1 , and the EX and EM slits were sited at 5 nm.
FRI was proposed by Chen et al. 22 in 2003, and developed on the basis of the traditional peak method. Chen used FRI to divide the fluorescence spectrum (EEM) into five independent regions for quantitative analysis. The excitation/emission ratio (Ex/ Em) of 220-250/280-380 nm was assigned to tyrosine-and tryptophan-like substances, region (I) and region (II), the Ex/Em = 220-250/380-550 nm was identified as the fulvic acid-like region (III), the Ex/ Em = 250-450/280-380 nm was identified as the soluble microbial byproduct-like material region (IV), and the Ex/Em >250/ >380 nm was identified as the humic acid-like region (V).
Deionized water was used as a blank during sample analysis. Origin 8.0 software was used for 3D-EEM and synchronous data processing; meanwhile, contour lines were shown for each 3D-EMM spectra to represent the fluorescence intensity. A quantitative analysis of the entire area fluorescence was performed using MATLAB 2016a. The total organic carbon (TOC) content of the solutions was diluted to 10 mg L -1 before the three-dimensional fluorimetry.
Analytical methods
The chemical oxygen demand (COD), ammonium, nitrates, nitrite, orthophosphate, and MLSS of samples were determined by the standard methods. 23 DO was measured with a DO meter (inoLab Oxi 7310, WTW Company, Germany). The PN was measured according to the modified Lowry technique with bovine serum albumin as the standard, 24 and PS was measured using the anthhrone-sulfuric acid method with glucose as the standard. 25 The zeta potential of the sample was measured using a zeta potentiometric apparatus (Malvern Zetasizer Nano ZS90, Britain). The TOC was measured using a TOC analyzer (muliN/C2100, Analytikjena, Germany). Results and discussion
Ta b l e 1 -Characteristics of influent and effluent of AGS reactors R1 and R2
Main components of LB-EPS and TB-EPS
PS and PN are generally considered the main components of EPS. The content of PN and PS, and the PN/PS ratio in both LB-EPS and TB-EPS at different influent phosphorus concentrations are illustrated in Fig. 2 .
As shown in Fig. 2 , the content of PS in LB-EPS decreased from 8.48 mg g -1 to 7.15 mg g -1 with the increase in the influent phosphorus concentration, while the content of PN increased from 2.00 mg g -1 to 4.64 mg g -1 . LB-EPS had more PS than PN, which was consistent with previous studies. 26 The PS and PN in TB-EPS increased from 17.75 and 64.4 mg g -1 to 27.68 and 137.16 mg g -1 , respectively, which may be sufficient phosphorus to promote microbial metabolism, thereby prompting microorganisms to produce more PS and PN; 27 in addition, EPS contained certain metal ions which can also stimulate microorganisms to produce more PN and PS, 8, 21 which work together such that the PN and PS contents increase with increasing influent phosphorus content. TB-EPS contained more PN than PS, and the content of PS and PN in TB-EPS was significantly higher than in LB-EPS, which was aligned with preliminary results. 28 The ratio of PN/PS in LB-EPS and TB-EPS also increased with increasing influent phosphorus concentration. PN plays a crucial role in the structural stability of granular sludge, and the increase in PN in the EPS enhanced the stability of the aerobic granules. 29 In summary, increasing the concentration of influent phosphorus is appropriate for maintaining AGS stability.
Orthophosphate content in LB-EPS and TB-EPS
Phosphorus exists in a variety of forms, and orthophosphate is the main form of phosphorus in the EPS of AGS; 30 the orthophosphate content of the LB-EPS and the TB-EPS in this experiment is shown in Fig. 3 .
As shown in Fig. 3 , there were significant impacts on the orthophosphate content of LB-EPS and TB-EPS in the R1 and R2 reactors. The orthophosphate content in LB-EPS increased slightly with the increase in influent phosphorus concentration, only 0.81 mg L -1 , while the increment of TB-EPS was greater, increasing from 1.42 mg g -1 to 3.94 mg g -1 . These results illustrate that the content of orthophosphate in LB-EPS and TB-EPS increases with an increase in influent phosphorus concentration. The increased orthophosphate content of TB-EPS was higher than that of LB-EPS, and the orthophosphate content in TB-EPS accounts for more than 78 % of the total content of orthophosphate in each reactor, aligned with previous study results. 14 The reason for this may be because EPS has a certain adsorption and storage function for orthophosphate, 22 in which the LB-EPS only transported and retained orthophosphate, while TB-EPS not only transported and retained orthophosphate but also
F i g . 2 -PN and PS content and the PN/PS ratio in the LB-EPS and TB-EPS in reactors R1 and R2
F i g . 3 -Orthophosphate content of LB-EPS and TB-EPS in reactors R1 and R2
participated in biological phosphorus accumulation. 14 Additionally, the EPS extraction method may have influenced the results; different extraction methods can result in different EPS composition and content, 6 affecting the orthophosphate content and distribution.
The previous analysis indicates that TB-EPS plays a larger role than LB-EPS in the processes of orthophosphate adsorption and storage, and that increased influent phosphorus concentration is beneficial for orthophosphate adsorption and storage of LB-EPS and TB-EPS.
Fluorescence characterization of LB-EPS and TB-EPS
3D-EEM
The 3D-EEM fluorescence spectrum is simple and effective, and it is further employed to characterize the components and structures of LB-EPS and TB-EPS. Fig. 4 shows the 3D-EEM spectra of LB-EPS and TB-EPS with different influent phosphorus concentrations. The fluorescence spectral parameters of LB-EPS and TB-EPS, including the peak locations and fluorescence intensity are summarized in Table 2 . There are two main peaks with different fluorescence intensity that can be identified from the LB-EPS and TB-EPS spectra. The first peak was observed at Ex/Em equal to 220-250/320-335 nm (Peak A), which could be attributed to aromatic PN. 22 The second main peak was observed at Ex/Em equal to 275-280/305-340 nm (Peak B), corresponding to tryptophan-like PN. 22 There was also a third peak (Peak C) located at Ex/ Em equal to 220-250/380-550 nm, described as a fulvic acid-like fluorescence. 22 The 3D-EEM results revealed the presence of PN and humic acid-like substances in LB-EPS and TB-EPS.
The locations of peak C in the LB-EPS of R1 and R2 were identical, but slightly different for peak A and peak B. R2 compared to R1 has a blueshift of 20 nm in terms of Ex wavelengths, a redshift of 55 nm in terms of Em wavelengths for peak A in LB-EPS. Meanwhile, the location of peak B in TB-EPS of R2 has a blueshift of 2 nm in terms of Em wavelengths; peak A also has a blueshift of 5 nm along the Em axis compared to R1. The shift in the peak position may be due to the decrease in the number of aromatic rings and the decrease in conjugation bonds in the chain structure, or perhaps the
F i g . 4 -3D-EEM of LB-EPS and TB-EPS in different reactors: (a) LB-EPS of R1, (b) LB-EPS of R2, (c) TB-EPS of R1, (d) TB-EPS of R2
presence of the carbonyl-containing substituent, alkoxyl, amino groups. 31 These results indicate that the influent phosphorus concentration will influence a chemical structural change in LB-EPS and TB-EPS.
Correspondingly, the fluorescence intensities of the three peaks rarely changed with increased phosphorus concentration in LB-EPS. The peak intensity ranking was peak B > peak A > peak C. However, the fluorescence intensities of peaks A and B increased markedly from 102.3 and 77.04 to 129.4 and 94.11 in TB-EPS, respectively. There was almost no change in the fluorescence intensity and the position of peak C; the peak intensity ranking was peak A > peak B > peak C. Additionally, the peak intensity and the position of the three peaks were obviously different between TB-EPS and LB-EPS; the peak intensity in TB-EPS was higher than that in LB-EPS, except peak C. These results suggest that increased phosphorus concentration had a different effect on LB-EPS and TB-EPS. Aromatic and tryptophan PN-like substances were more important EPS components than was humic acid in maintaining the stability of granular sludge. 32 The results suggest that a high influent phosphorus concentration can promote the production of PN in TB-EPS, which is beneficial to AGS stability. Fig. 5 shows the percentage distribution of five regional integral standard volumes from FRI analysis of LB-EPS and TB-EPS. The results show that region I and region II accounted for the largest share of relative organic matter in LB-EPS and TB-EPS, accounting for 50.83-60.80 % of EPS; these regions were categorized as PN-likes. This suggests that PN-likes were a major component of EPS, a quantitative result that is consistent with previous 3D-EEM results. Region IV was the second-largest component in LB-EPS, accounting for 16.89 % (R2) and 19.89 % (R1), but Region V was the second-largest component in TB-EPS, accounting for 23.73 % (R1) and 24.88 % (R2). Region III (fulvic acid-like) had the smallest percentage in LB-EPS and TB-EPS. The percentage of fulvic acid-like substances in R2 was higher than that in R1 in LB-EPS, while in TB-EPS, the percentage of tyrosineand tryptophan-like substances was higher. It is possible that the different influent phosphorus concentrations had different effects on LB-EPS and TB-EPS.
FRI analysis
As the polymer moves toward the cell center, the relative content of soluble microbial byproduct-likes and humic acid-likes gradually increases, while the content of PN-like substances and fulvic acid-like substances decreases. The main metabolic activity of microorganisms is the decomposition of simple PN-like substances to produce soluble microbial byproduct-likes; high molecular weight and stable humic-like substances are easy to produce in TB-EPS. Clearly, the FRI can provide valuable information to analyze the fluorescence peaks that were not identified with 3D-EEM.
Synchronous fluorescence
The synchronous fluorescence spectra of LB-EPS and TB-EPS at different phosphorus concentrations are shown in Fig. 6(a) . Based on previous studies, 33 the fluorescence areas corresponding to the wavelength ranges of 250-300, 300-380, and 380-550 nm can be roughly classified as PN-like, fulvic-like, and humic-like fluorescence fractions, respectively. As shown in Fig. 6(a) , one obvious fluorescence peak occurred in LB-EPS and TB-EPS, belonging to PN-like substances. The fluorescence intensities of LB-EPS remained almost unchanged with phosphorus concentration (from 6.28 to 6.54 mg L -1 ). At the same time, the fluorescence peak position had a blueshift of 7 nm compared to R1 at the 280 nm fluorescence peak. In TB-EPS, no movement in the fluorescence position occurred, only the intensity of fluorescence increased from 19.58 to 23.45. These results show that the concentration of phosphorus had a greater influence on the fluorescence intensity of TB-EPS compared with that of LB-EPS, higher influent phosphorus concentrations enhanced the production of PN-like substances, which are the main components of LB-EPS and TB-EPS. 33 In addition, other components of EPS, such as phosphorus and metal ions, among others, may also have an impact on EPS fluorescence intensity.
Ta b l e 2 -Fluorescence spectral parameters of LB-EPS and TB-EPS in reactors R1 and R2
To confirm the influence of phosphorus concentration on the synchronous fluorescence intensity of EPS, orthophosphate was added to EPS in concentrations of 0, 1, 5, 10, 15,17.5, 20, 30 , and 40 mg L -1 (V orthophosphate :V EPS = 1:10), and oscillated at room temperature for 24 h before synchronous fluorometric determination. The peak values of fluorescence intensity with different orthophosphate concentrations are shown in Fig. 6(b) . Whether orthophosphate can produce fluorescence quenching to EPS is related to the concentration of influent phosphate and the composition of EPS; the fluorescence intensities slowly decreased from 68.67 to 45.91 while the orthophosphate concentration increased from 0 mg L -1 to 17.5 mg L -1 . This indicates that phosphorus content can produce a fluorescence quenching phenomenon in EPS. However, when the orthophosphate concentration increased to 40 mg L -1 , the fluorescence intensity increased to 56.7, where it had no fluorescence quenching effect on EPS.
Because identical charges repel each other, the negatively charged EPS had difficulty adsorbing the negatively charged phosphorus. However, there were positive charge groups in the EPS, especially some metal elements that allowed the phosphorus to be contained in the EPS. 21 It is possible that phosphorus interacted with the positive charge groups, such as the metal ions, and then had indirect fluorescence quenching with the organic components of EPS. The phenomenon of indirect quenching will disappear when the concentration of influent phosphate is too high. To investigate whether the fluorescence quenching of EPS on phosphorus had a direct effect, the EPS was extracted by the cation resin method. The same phosphorus concentrations as above were added to the EPS, and synchronous fluorescence was measured after shaking at room temperature for 24 h. As shown in Fig. 6(c) , the fluorescence intensity of the PN-like substances did not substantially change, remaining at approximately 14.18. In conclusion, the fluorescence quenching of phosphorus to EPS is mainly the indirect effect of phosphorus on EPS by cations. Further studies are needed in this area.
The mechanism of fluorescence quenching can be divided mainly into dynamic and static quenching based on the interaction between the quencher and the fluorophore. 34 The Stern-Volmer equation can be used to deal with fluorescence quenching data (Eq. (1)):
in which F 0 and F are the fluorescence intensities with the absence and presence of orthophosphate, respectively. K sv is the Stern-Volmer quenching rate constant, [Q] is the concentration of orthophosphate, k q is the quenching rate constant of the biological macromolecule, and τ 0 is the average lifetime of the molecule (10 -8 S). Ordinarily, when the Stern-Volmer model is linear, the quenching is either dynamic or static, and when the model is curvilinear at high concentration, the quenching may be a combination of quenching types. 34 The results showed that k q = 0.67·10 10 < 2.0·10
10 L mol -1 s -1 , and the Stern-Volmer model was linear, as shown in Fig. 6(d) at orthophosphate concentrations between 0 mg L -1 and 17.5 mg L -1 ; therefore, the quenching was considered to be dynamic quenching. 34 This finding also indicates that phosphorus can be removed by EPS during wastewater treatment.
Zeta potential of LB-EPS and TB-EPS
To obtain the surface natures of LB-EPS and TB-EPS, their zeta potential was measured, as shown in Table 3 . The zeta potential of LB-EPS and TB-EPS are both negative, because EPS contains more sulfate, phosphate and carboxyl groups (and other negative functional groups), but fewer amino groups and other positive functional groups. 7 Ordinarily, PS is negatively charged while PN is positively charged. In this study, the ratio of PN/ PS in R1 (0.23) was less than that in R2 (0.65) in LB-EPS, and although the content of orthophosphate in R2 was slightly higher than that in R1, there were many substances with positive charges, such as metal ions in LB-EPS. 21 The zeta potential of LB-EPS in R1 was lower than that in R2: -11.15 mV and -4.97 mV, respectively. This finding may be the result of the combined action of PN/PS, orthophosphate, and metal ions. However, the zeta potential change in TB-EPS was just the opposite, at -37.35 mV and -38.85 mV, respectively. When the ratio of PN/PS in R1 (4.45) and R2 (4.95) was similar, it was mainly because the orthophosphate content in R2 was considerably higher than that of R1 in TB-EPS, which was more than 2.52 mg g -1 .
However, further studies are needed to explain why the zeta potential of LB-EPS and TB-EPS varied with influent phosphorus concentration.
The zeta potential in TB-EPS was significantly lower than that in LB-EPS, which was consistent with previous studies. 35 The zeta potential of AGS was significantly lower than that of floc sludge; the zeta potential of LB-EPS can reflect the electrochemical properties of sludge better than that of TB-EPS, and plays a major role in the formation and stability of aerobic granules. 35 Therefore, it may be concluded that a higher influent phosphorus concentration is appropriate for AGS formation and stability.
Conclusions
The influent phosphorus concentration affects the content, orthophosphate content, zeta potential, and fluorescence characterizations of LB-EPS and TB-EPS. The phosphorus, PN and PS content in LB-EPS and TB-EPS were higher when the influent phosphorus concentration increased, except for PS in LB-EPS. With higher influent phosphorus concentration, the zeta potential of LB-EPS was lower, while for TB-EPS, the result was opposite. Whether phosphorus can produce fluorescence quenching to EPS is related to the influent phosphorus concentration and the composition of EPS. The PN-like substances are the major component of EPS, and higher 
